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HyperinsulinemiaThe increase in the permeability of the glomerular barrier ﬁltration to albumin is a well-known feature of di-
abetic microvasculature and a negative prognostic factor for vascular complications. However, the underlying
mechanisms are incompletely understood. We demonstrated recently that superoxide anion generation in-
creases dimerization of protein kinase G type Iα (PKGIα) subunits, leading to podocyte dysfunction. Here
we investigated whether high insulin concentration is involved in PKGI-dependent hyperpermeability of
the diabetic glomerular ﬁltration barrier. We assessed changes in insulin-induced glomerular permeability
by measuring glomerular capillary permeability to albumin in isolated glomeruli from Wistar and obese
and lean Zucker rats and transmembrane albumin ﬂux in cultured rat podocytes. Expression of PKGIα and up-
stream proteins was conﬁrmed in the podocytes using Western blotting and immunoﬂuorescence. Insulin
(300 nM, 5 min) increased NAD(P)H-dependent glomerular albumin permeability in Wistar rats and PKGI-
dependent transmembrane albumin ﬂux in cultured podocytes. Podocyte exposure to insulin in non-reducing
conditions increased PKGIα interprotein disulﬁde bond formation, altered the phosphorylation of the PKG target
proteins MYPT1 and MLC, and disrupted the actin cytoskeleton. The role of NADPH oxidase (NOX) in insulin-
induced reactive oxygen species (ROS) generation and insulin-evoked increases in albumin permeability in
podocytes was conﬁrmed with NOX2 and NOX4 siRNA. Glomerular albumin permeability was increased in
hyperinsulinemic Zucker obese rats with isolated glomeruli showing increased expression of PKGIα and
NOX4. Taken together, these data demonstrate that insulin increases glomerular barrier albumin permeability
via a PKGI-dependent mechanism involving NAD(P)H-dependent generation of superoxide anion. These
ﬁndings reveal a role for insulin in the pathophysiology of diabetic glomerular nephropathy.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The glomerular ﬁltration barrier is responsible for utraﬁltration of
plasma in the renal glomeruli. This barrier comprises an innermost
fenestrated endothelium, the glomerular basement membrane, and
a podocyte cell layer that faces the urinary space. The extended pri-
mary processes of these highly specialized epithelial cells form foot
processes that interdigitate with processes of neighboring podocytes
to form a ﬁltration slit bridged by the slit diaphragm. The glomerular
ﬁltrate passes through the endothelial fenestrae, the basement mem-
brane, and ﬁnally through the slit diaphragm, which acts as a molec-
ular sieve. The glomerular ﬁltration barrier components, especially
the podocytes, are affected in several inherited and acquired diseasesLC, myosin light chain; MLCP,
chain kinase; MYPT1, myosin
lar and Cellular Nephrology,
of Sciences, Dębinki 7, 80-211
784.
owska).
rights reserved.that are characterized by the leakage of proteins, such as albumin,
into the urine. Podocyte loss also contributes to the development of
glomerulosclerosis [1,2].
Like contractile smooth muscle cells, podocytes express receptors
for factors that regulate cytoskeletal dynamics, including proteins
that cause dynamic changes in the phosphorylation state of the myo-
sin light chain (MLC) and lead to contraction or to relaxation [3,4].
Podocytes have junctional complexes that made-up nephrin, zonula
occludens protein 1, cadherins, catenins, and membrane-associated
guanylate kinase 1. Notably, these complexes are linked to the actin
cytoskeleton and may affect actin dynamics. The arrangement of cy-
toskeletal proteins inﬂuences the transcellular ﬂow of solutes and
proteins. It was shown previously that nephrin-dependent reorgani-
zation of actin with an accompanying loss of stress ﬁbers is involved in
the hemopexin-induced increase of albumin clearance across podocytes
[5].
These observations suggest that slit diaphragm permeability may
be regulated by vasoactive hormones and by autocrine/paracrine fac-
tors [6,7]. Thus, hormonal regulation of podocytes affects the size-
selectivity of the ﬁltration barrier, and this regulation may be similar
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on MLC phosphorylation at serine 19 [8,9]. The state of MLC phosphor-
ylation is regulated by the relative activities of MLC kinase (MLCK) and
MLC phosphatase (MLCP). Conversely, smooth muscle relaxation is
regulated by cGMP activation, which stimulates the downstream cGMP-
dependent protein kinase type 1α, PKGIα [10]. The PKGIα isoform stim-
ulates MLCP activity through phosphorylation of MYPT1 at Ser 695 and
Ser 852 [11,12]. Increased MLCP activity reduces the level of MLC phos-
phorylation and causes relaxation at a constant [Ca2+]I [13]. We showed
recently that the PKGIα isoform is expressed in cultured rat podocytes,
and we demonstrated that exposure to exogenous hydrogen peroxide
induces PKGIα activation through the formation of interprotein disulﬁde
bonds that link its two subunits [14]. Our observations demonstrated
that hydrogen peroxide treatment, PKGIα activation, actin reorganiza-
tion, and changes in protein permeability across the podocyte ﬁltration
layer are functionally related.We therefore hypothesized that PKGIα reg-
ulates the balance between contractility and relaxation (permeability) of
the podocyte barrier.
Podocytes are uniquely sensitive to insulin and show similarities
to skeletal muscle cells and fat cells with respect to insulin-stimulated
glucose uptake kinetics and the expression of glucose transporters
[15,16]. Recent studies have shown that insulin may dynamically re-
model the actin cytoskeleton of podocytes and affect the retraction of
podocyte processes. Moreover, speciﬁc deletion of the mouse gene
encoding the insulin receptor in podocytes causes a loss of podocyte
foot processes [17]. There is clinical evidence that insulin infusion in
healthy humans causes transient proteinuria [18]. Experimentally-
induced diabetes results in a decrease in aortic PKG protein levels in
mice; notably, the PKG levels can be restored to control levels by insulin
treatment [19]. Insulin also stimulates superoxide anion and hydrogen
peroxide generation [20]. The NOX4 subunit of NAD(P)H oxidase may
be also a source of rapid ROS generation in insulin-stimulated cells
[20,21].
In this study, we tested the hypothesis that an insulin-induced
redox imbalance affects both the activity of PKGIα in podocytes and
glomerular ﬁltration barrier permeability. The experimental results
suggest a molecular mechanism that could explain podocyte injury
and proteinuria in diabetes.2. Material and methods
2.1. Materials
Cell culture reagents were from Sigma-Aldrich (St. Louis, MO),
with the exception of fetal bovine serum (FBS), which was purchased
from Gibco, Invitrogen (Carlsbad, CA). Reagents for SDS-PAGE were
purchased from MP Biochemicals, with the exception of the protein
standard (Bio-Rad, Hertfordshire, UK) and protease inhibitor cocktail
(Sigma-Aldrich). Sources of primary antibodies were as follows: goat
polyclonal antibody to PKGIα, rabbit polyclonal antibodies to MYPT1
and p-MYPT (Ser695), mouse monoclonal antibodies to insulin recep-
tor Rβ and p-insulin Rβ (Tyr 1150/1151) and mouse monoclonal anti-
body to NOX2 were from Santa Cruz Biotechnology (Santa Cruz, CA);
rabbit polyclonal antibody to phospho-myosin light chain 2 (Ser19)
was from Cell Signaling Technology (Danvers, MA), mouse monoclo-
nal antibody to actin was from Sigma-Aldrich, rabbit polyclonal anti-
body to nephrin was from ProSci Incorporated (Poway, CA), and
rabbit polyclonal antibody to NOX4 was from Abcam (Cambridge,
UK). Alkaline phosphatase-conjugated secondary antibodies and
donkey anti-goat, goat anti-rabbit, and donkey anti-mouse antibod-
ies were from Santa Cruz Biotechnology. Cy3-conjugated anti-goat sec-
ondary antibody was from Rockland (Gilbertsville, PA), Alexa Fluor
488-conjugated anti-rabbit and anti-mouse secondary antibodies
were from Molecular Probes and Invitrogen. All other reagents were
purchased from Sigma-Aldrich.2.2. Preparation and culture of rat podocytes
All experiments were approved by the local ethics committee
(No. 11/2007). Female Wistar rats weighing 100–120 g were anesthe-
tized with thiopental (70 mg per kg body weight, i.p.). The kidneys
were excised andmincedwith a scalpel and then pressed through a sys-
tem of sieves with decreasing pore diameters (160, 106, and 53 μm) to
obtain a suspension of glomeruli in RPMI 1640 supplemented with 10%
FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. The ﬁnal sus-
pension of glomeruli was plated in 75 cm2 type I collagen-coated cul-
ture ﬂasks (Becton Dickinson Labware, Beckton, UK) and maintained
at 37 °C in an atmosphere of 95% air/5% CO2 for 5–7 days. The outgrow-
ing podocyteswere trypsinized and passed through sieves with 33-mm
pores to remove the remaining glomerular cores. The suspension of
podocytes was seeded in culture ﬂasks and cultivated at 37 °C in an
atmosphere of 95% air/5% CO2. Experiments were performed using
podocytes cultivated for 12–20 days. The phenotype of the podocytes
and cell viability were determined as described previously using immu-
nocytochemicalmethods such as podocyte-speciﬁc antibodies toWilm's
tumor-1 protein,WT-1 (Biotrend Koeln, Germany) and to synaptopodin
(Progen, Heidelberg, Germany) to determine cell phenotype and using
lactate dehydrogenase leakage to detect viability [22].
2.3. Western blot analysis
Podocytes were treated with lysis buffer (1% Nonidet P-40, 20 mM
Tris, 140 mM NaCl, 2 mM EDTA, 10% glycerol) in the presence of
a protease inhibitor cocktail (Sigma-Aldrich) and homogenized at 4 °C
by scraping. The cell homogenates were centrifuged at 9.500 ×g for
20 min at 4 °C. Supernatant proteins (20 μg) were separated on a
SDS-polyacrylamide gel (10%) and electrotransferred to a nitrocellulose
membrane. The membrane was blocked for 1.5 h with Tris-buffered
saline (TBS) (20 mM Tris–HCl, 140 mM NaCl, 0.01% NaN3) containing
3% non-fat dry milk, washed with TBS containing 0.1% Tween-20 and
0.1% bovine serum albumin (BSA), and incubated overnight at 4 °C
with primary antibody. The following primary antibodies were diluted
in TBS containing 0.05% Tween-20 and 1% BSA: anti-p-MLC (Ser19)
(1:400, Cell Signaling Technology), anti-PKGIα (1:400, Santa Cruz Bio-
technology), anti-MYPT1 (1:400, Santa Cruz Biotechnology), anti-p-
MYPT1 (Ser-695) (1:400, Santa Cruz Biotechnology), anti-NOX2, anti-
NOX4, and anti-actin (1:3000, Sigma-Aldrich). Prior to incubation with
anti-PKGIα, control samples were incubated with speciﬁc blocking
peptide (Santa Cruz Biotechnology) at a concentration 10× greater
than the antibody concentration. To obtain non-reducing conditions,
we used maleimide (100 mM) in the homogenization and lysis buffers
to alkylate thiols and prevent thiol disulﬁde exchange. To detect primary
antibodies bound to the immunoblot, the membrane was incubated
for 2 h with the appropriate alkaline phosphatase-labeled secondary
antibodies (goat anti-rabbit IgG-AP, goat anti-mouse IgG-AP, or goat
anti-rabbit IgG-AP, Santa Cruz Biotechnology). The protein bands were
detected using the colorimetric 5-bromo-4-chloro-3-indolylphasphate/
nitroblue tetrazolium (BCIP/NBT) system. The density of the bands was
measured quantitatively using the Quantity One program (Bio-Rad).
Protein content was measured using the Lowry method.
2.4. Immunoﬂuorescence
Podocyteswere seeded on type-I collagen-coated coverslips (Becton
Dickinson Labware, Beckton, UK) and cultured in RPMI 1640
supplemented with 10% FBS. Cells were ﬁxed in PBS containing 2%
formaldehyde for 10 min at room temperature. The coverslips were
placed on ice, and the cells were permeabilized with 0.3% Triton-X
100 for 3–4 min and then blocked with PBSB solution (PBS containing
2% FBS, 2% BSA, and 0.2% ﬁsh gelatin) for 60 min. After blocking, cells
were incubated with anti-cGK1α (N-16), anti-nephrin, anti-MYPT1,
FITC-phalloidin, DAPI, anti catenin, and anti-actin antibodies in PBSB
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were substituted with PBSB. Next, cells were washed three times with
cold PBS and incubated with Alexa Fluor 488-conjugated anti-rabbit
(1:50), anti-mouse (1:50), or Cy3-conjugated anti-goat (1:100) sec-
ondary antibodies for 45 min. We also used Cy3-phalloidine (1:100).
After three 5-min washes, the coverslips were attached to slides with
Mowiol 4-88 diluted in glycerol-PBS (1:3 v:v), and the cells were
viewed under a confocal laser scanningmicroscope (Olympus FluoView
FV10i) or ﬂuorescence microscope (Olympus IX51).
F-actin network was labeled and visualized by ﬂuorescence mi-
croscopy as described by Pubill et al. with minor modiﬁcations [23].
Digitized ﬂuorescence images of F-actin network were used to gener-
ate ﬂuorescence intensity proﬁles (from basal membrane to nucleus)
using the CellSens image software. To normalize the ﬂuorescence inten-
sity proﬁles originating from different cells, we expressed the ﬂuores-
cence intensity of X-axis pixels in distance of 1 μm as the percentage
of the mean value of the ﬂuorescence intensity for the total X-axis and
the cell membrane was positioned at point 0. Fluorescence values of
each proﬁle were expressed as a percentage of the mean ﬂuorescence
value of the corresponding proﬁle.2.5. Permeability assay
Transepithelial permeability to albumin was evaluated by measur-
ing the diffusion of FITC-labeled BSA (Sigma) across the podocyte
monolayer as described by Oshima et al. with minor modiﬁcations [24].
Rat podocytes (1×105 cells/cm2) were seeded on type IV collagen-
coated Cell Culture Inserts (3-μmmembrane pore size, 0.32 cm2 mem-
brane surface area, BD Biosciences). Inserts were placed in 24-well
plates, and the cells were allowed to differentiate for one week. Cells
were used for experiments between post-seeding days 7 and 15. Before
use in experiments, the podocytes were washed twice with PBS and
medium on both sides, and the insert was replaced with serum-free
RPMI 1640 medium (SFM). After 2 h, the medium in the upper com-
partment was replaced with 0.3 ml of fresh SFM, and that in the
lower compartment was replaced with 1.5 ml SFM containing 1 mg/ml
FITC-albumin. After 1 h incubation, 200 μl of the solution in the upper
chamber was transferred to a 96-well plate, and the absorbance of the
FITC-albuminwas determined at 490 nmusing a plate spectrophotome-
ter (BioTek EL808). We also conducted this experiment under different
conditions. Speciﬁcally, podocytes seeded on inserts were treated with
insulin (300 nM, 5 min), apocynin (100 μM, 2 h), or Rp-8-Br-cGMPS
(100 μM, 30 min), then the permeability of the podocyte layer to albu-
min was evaluated as described above.2.6. Experimental animals and metabolic balance studies
The obese Zucker (ZO) and lean Zucker (ZL) ratswere obtained from
Charles River, Jackson Laboratory (USA). Five male 8-week-old ZO and
ZL rats were studied. Male Wistar rats weighing 200–240 g were
obtained from Mossakowski Medical Research Centre, Polish Academy
of Sciences, Warsaw (Poland). Rats were housed singly in metabolic
cages for 24 h with free access to a regular pellet diet and drinking
water. Urine was collected and diuresis and urinary albumin excretion
were measured using an AssayMax Rat Albumin ELISA kit (Assaypro,
St. Charles, MO, USA) for rat urinary albumin determination. Following
an overnight fast, blood was collected from decapitated animals to
determine baseline serum glucose and insulin values. The glucose con-
centrations were measured in the whole blood samples using a glucose
oxidasemethod (Accu-chek Go, Roche Diagnostics GmbH). Insulin con-
centrations were determined in serum that was stored at−80 °C until
measurement using a High Range Rat Insulin ELISA kit (DRG Instru-
ments GmbH, Marburg, Germany).2.7. Isolation of renal glomeruli
The rat kidneys were removed and placed in ice-cold PBS pH 7.4
supplemented with 5.6 mM glucose. Glomeruli were isolated by a
gradual sieving technique [25]. Brieﬂy, the renal capsule was removed
and the cortexwasmincedwith a razor blade to a paste-like consistency
and strained through a steel sieve with a pore size of 250 μm. Themash
that passed through this sieve was suspended in ice-cold PBS and then
passed through two consecutive steel sieves (120- and 70-μm pores).
The glomeruli retained on the top of the 70-μm sieve were washed
off with ice-cold PBS and resuspended in ice-cold PBS buffer. The ﬁnal
suspension consisted of decapsulated glomeruli devoid of afferent and ef-
ferent arterioles. The tubular contamination was less than 5% as assessed
under the light microscope. The entire procedure was carried out in an
ice bath and took no more than 1 h.2.8. Glomerular permeability to albumin in vitro
The volume response of glomerular capillaries to an oncotic gra-
dient generated by deﬁned concentrations of albumin was measured
as described previously [26]. The glomeruli were afﬁxed to glass cov-
erslips coated with poly-L-lysine (1 mg/ml) and incubated in medium
containing 5% BSA and insulin (300 nM, 5 min) and apocynin (100 μM,
15 min) or VAS2870 (10 μM, 20 min) at 37 °C. The initial incubation
medium was replaced with medium containing 1% BSA, producing an
oncotic gradient across the glomerular capillary wall. Control glomeruli
were treated with equivalent volumes of buffer containing 5% BSA. The
glomerular responses were recorded using videomicroscopy (Olympus
microscope IX51) before and 1 min after the test reagents were added.
Glomerular volume (V) was calculated from the surface area (S) of the
glomerulus using the formula V=3/4π(S/π)3/4 using CellSens Dimen-
sion software (Olympus). There is a direct relationship between the in-
crease in glomerular volume (ΔV) calculated as (Vﬁnal−Vinitial)/Vinitial
and the oncotic gradient (ΔΠ) applied across the capillary wall. This
principle was used to calculate the reﬂection coefﬁcient of albumin
(σalb), deﬁned as the ratio of the ΔV for the experimental glomeruli to
the ΔV of control glomeruli in response to identical oncotic gradients,
where σalb=ΔVexperimental/ΔVcontrol. The reﬂection coefﬁcient of albu-
min (convectional Palb) was used to calculate the glomerular capillary
permeability to albumin (1−σalb), which describes themovement of al-
bumin consequent to water ﬂow. At least ten glomeruli from three or
more rats were studied in each experiment.2.9. NAD(P)H oxidase assay
NAD(P)H oxidase activity in podocytes was measured by a modi-
ﬁed version of the lucigenin-enhanced chemiluminescence method
[27,28]. To measure superoxide anion generation, glomeruli or cell
homogenates (50 μg protein) were added to PBS buffer containing
1 mMEDTA and 5 μM lucigenin. The assaywas initiated by the addition
of 100 μMNADPH. Photon emission, in terms of relative light units, was
measured every 30 s for 12 min in a FB12 luminometer (Berthold).
There was no measurable activity in the absence of NADPH. The super-
oxide levels were calculated by integrating the area under the signal
curve. These values were compared with a standard curve generated
using xanthine/xanthine oxidase. Protein content was measured with
the Lowry method.2.10. Statistical analysis
Statistical analyses were performed by one-way ANOVA followed
by the Student–Newman–Keuls test to determine signiﬁcance. Values
are reported as means±SEM. Signiﬁcance was set at Pb0.05.
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3.1. Insulin increases glomerular albumin permeability via NAD(P)H
oxidase in Wistar rats
In order to determine if insulin directly affects glomerular albumin
permeability, isolated glomeruli from Wistar rats were incubated
with 300 nM insulin for 5 min. As shown in Fig. 1, insulin signiﬁcantly
increased the glomerular albumin permeability (Palb) of isolated glo-
meruli (0.44±0.04, n=18 vs. control 0.08±0.03, n=13; Pb0.001).
This effect was prevented by the NAD(P)H oxidase inhibitor apocynin
(100 μM, 15 min), which resulted in a Palb value of 0.20±0.04 (n=16)
and by pan-NOX inhibitor VAS2870 (10 μM, 20 min), Palb; 0.15±0.03
(n=13).
3.2. Insulin induces NAD(P)H oxidase activation in isolated glomeruli
and in cultured rat podocytes
Firstwe investigated the effects of insulin (300 nM, 5 min), apocynin
(100 μM, 15 min) and VAS2870 (10 μM, 20 min) on superoxide anion
generation (O2•−) in isolated glomeruli. Fig. 2A shows that insulin in-
duced a 27% increase in NAD(P)H-dependent O2•− generation (1.88±
0.03 nmol/mg protein/min vs. control 1.47±0.02 nmol/mg protein/min,
n=3, Pb0.05). Preincubation of the glomeruli with apocynin or
VAS2870 abolished this insulin-mediated increase in NAD(P)H-
dependent O2•− generation (Fig. 2A, B).
Because NAD(P)H oxidase is a major source of superoxide anion,
the predominant form of reactive oxygen species in podocytes, we in-
vestigated the effects of insulin (300 nM, 5 min), apocynin (100 μM,
2 h) andVAS2870 (10 μM, 1 h) onNAD(P)Hoxidase activity in cultured
rat podocytes. Fig. 2C shows that insulin induced a 44% increase inNAD(P)
H-dependent O2•− generation (1.50±0.04 nmol/mg protein/min vs.
control 1.04±0.02 nmol/mg protein/min, n=4, Pb0.05). Incubation
of podocytes with apocynin decreased NAD(P)H oxidase activity by
30% (Pb0.05) and signiﬁcantly prevented the insulin-mediated increase
in NAD(P)H oxidase activity (0.87±0.03 nmol/mg protein/min vs. con-
trol 1.04±0.02 nmol/mg protein/min, n=4, Pb0.05). Preincubation of
podocyte with VAS2870 also decreased NAD(P)H oxidase activity byFig. 1. Insulin increases glomerular albumin permeability (Palb) in Wistar rats. The effects
100 μM, 15 min) or pan-nox inhibitor VAS2870 (10 μM, 20 min) on glomerular albumin
volumes of buffer containing 5% bovine serum albumin. The values shown represent the m39% (Pb0.05) and prevented the insulin-mediated increase in NAD(P)
H oxidase activity (0.70±0.02 nmol/mg protein/min vs. control
1.02±0.03 nmol/mg protein/min, n=3, Pb0.05, Fig. 2D).
In a previous study, we found that three members of the NAD(P)H
oxidase family, NOX1, NOX2, and NOX4, were expressed in podocytes
[29]. Of these proteins, NOX4 is the most highly expressed in the
kidney. To investigate the role of NOX4 in insulin-induced O2•− gen-
eration, we knocked-down NOX4 protein expression using small-
interfering RNA (siRNA). There was a signiﬁcant decrease in NOX4
protein expression in podocytes transfected with NOX4 siRNA com-
pared to cells transfected with scrambled siRNA (40% decrease vs. con-
trol, Pb0.05, Fig. 3A). Non-silencing siRNA had no effect on NOX4
expression in control cells. Downregulation of NOX4 was associated
with a 32% decrease in insulin-mediated activation of NAD(P)H oxidase
(1.58±0.04 nmol/mg protein/min vs. 2.02±0.09 nmol/mg protein/min,
n=4, Pb0.05, Fig. 3C). We also investigated the role of NOX2 in
insulin-induced O2•− generation.We observed a signiﬁcant decrease
in NOX2 protein expression in podocytes transfected with NOX2 siRNA
compared to cells transfected with scrambled siRNA (41% decrease vs.
control, Pb0.05, Fig. 3D). Downregulation of NOX2 also decreased
insulin-induced O2•− generation (1.24±0.02 nmol/mg protein/min
vs. 1.71±0.02 nmol/mg protein/min, n=4, Pb0.05, Fig. 3F).
3.3. Insulin induces PKGIα disulﬁde bond formation in cultured
rat podocytes
The effects of insulin on PKGIα disulﬁde bond formation in non-
reducing conditions (100 mM maleimide) are shown in Fig. 4. PKGIα
was mainly (about 85%) present in the monomeric form (~75 kDa) in
non-stimulated podocytes (control). In non-reducing conditions and in
the presence of insulin, the percentage of dimerized PKGIα (~150 kDa)
increased by 124% (from 0.169±0.019 to 0.378±0.022; Pb0.05). These
increases were accompanied by concurrent decreases in the amount
of monomeric PKGIα. Moreover, immunoﬂuorescence experiments
using a confocal laser scanning microscope showed that insulin caused
substantial changes in the subcellular localization of PKGIα, with PKGIα
immunostaining increasing close to the cell surface (Fig. 4C). We also
investigated the effect of NOX2 and NOX4 gene silencing on insulin-of insulin (INS, 300 nM, 5 min) and the NAD(P)H oxidase inhibitor apocynin (APO,
permeability (Palb) were measured. Control glomeruli were treated with equivalent
ean±SEM (n=13–18 glomeruli from six rats), *Pb0.001 compared to control.
Fig. 2. Insulin induces NAD(P)H oxidase activation in isolated rat glomeruli (A, B) and in cultured rat podocytes (C, D). The NAD(P)H oxidase inhibitor apocynin (APO, 100 μM) or
pan-nox inhibitor VAS2870 (10 μM) was preincubated with glomeruli (15 min or 20 min) and podocytes (2 h or 1 h), which were then stimulated with insulin (INS, 300 nM,
5 min). The NAD(P)H oxidase activity was measured by lucigenin-enhanced chemiluminescence. The values shown represent the mean±SEM of three or four independent exper-
iments. *Pb0.05 compared to untreated podocyte control; #Pb0.05 compared to insulin.
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NOX4 protein expression using siRNA abolished disulﬁde bond forma-
tion in the presence of insulin. Downregulation of NOX2was associated
with a 28% decrease of dimerized PKGIα (0.28±0.03 vs. scrambled
siRNA with insulin 0.39±0.01, n=3, Pb0.05).
3.4. Insulin induces PKGIα-dependent phosphorylation of MYPT1 and
dephosphorylation of MLC in cultured rat podocytesThe PKGIα isoform induces phosphorylation of the myosin-binding
subunit of MYPT1 at serine 695 and activates MLCP, leading to a reduc-
tion in MLC phosphorylation. We hypothesized that insulin induces
changes in MYPT1 and MLC phosphorylation through activation of
PKGIα. To test this hypothesis, podocytes were incubated with insulin
(300 nM, 5 min) in the presence or absence of the PKG inhibitor Rp-
8-Br-cGMP (100 μM, 30 min preincubation). The cells were then lysed
and the proteins analyzed by immunoblotting with anti-MYPT1, anti-
p-MYPT1 (Ser695), or anti-p-MLC (Ser19) antibodies. Insulin treatment
increased the basal level of phosphorylatedMYPT1 by 78% (from0.512±
0.093 to 0.911±0.145, Pb0.05, Fig. 5) and decreased the basal level
of phosphorylated MLC by 44% (from 0.447±0.016 to 0.198±0.012,
Pb0.05, Fig. 5). The effects of insulin were abolished by preincubation
with the PKG inhibitor Rp-8-Br-cGMP (Fig. 5, n=4, Pb0.05).3.5. Insulin increases the podocyte layer permeability to albumin through
NAD(P)H oxidase-dependent PKGIα activation in cultured rat podocytes
We next examined the effect of insulin on podocyte permeability
to albumin. As shown in Fig. 6A, insulin (300 nM) signiﬁcantly in-
creased podocyte permeability. The transmembrane ﬂux for albumin
increased about 79%, from 45.3±2.1 μg/ml to 81.0±10.3 μg/ml (n=4,
Pb0.05). This effectwaspreventedby the PKG inhibitor Rp-8-Br-cGMPS
(100 μM) and the NAD(P)H oxidase inhibitor apocynin (100 μM).
These results suggest that insulin increases albumin permeability
across the podocyte ﬁltration barrier via ROS-dependent PKGIα acti-
vation. Therefore we tested the effect of NOX2 and NOX4 siRNA on al-
bumin permeability in podocytes exposed to insulin. Downregulation
of NOX2 did not affect insulin effect on albumin permeability but
downregulation of NOX4 abolished the insulin-evoked increase of al-
bumin permeability across the podocyte ﬁltration barrier (Fig. 6B, C).
3.6. Insulin induces changes in PKGIα and NOX4 subcellular localization
and leads to actin reorganization in cultured rat podocytes
Exposure of cultured rat podocytes to insulin (300 nM, 5 min) caused
substantial alterations in the PKGIα, NOX4, and actin ﬁber cytoskel-
eton immunoﬂuorescence patterns (Fig. 7). As shown in Fig. 7A, dou-
ble labeling of PKGIα and NOX4 showed co-localization of these
Fig. 3. The effect of NOX2 and NOX4 gene silencing on insulin-evoked NAD(P)H oxidase activation in cultured rat podocytes. The effect of NOX2 or NOX4 small interfering RNA
(siRNA) and scrambled siRNA on NOX2 (A) and NOX4 (C) protein expression. Densitometry of the NOX2 and NOX4 band was normalized to the actin band. The values shown rep-
resent the mean±SEM of four independent experiments. *Pb0.05 versus transfection with scrambled siRNA or non-transfected podocytes (controls). Representative immunoblots
show NOX2, NOX4 and actin expression in homogenates from transfected and non-transfected podocytes (B, D). The effect of downregulation of NOX2 (E) or NOX4 (F) on
insulin-induced NAD(P)H oxidase activity in podocytes was measured by lucigen-enhanced chemiluminescence. The values shown represent the mean±SEM of four independent
experiments. *Pb0.05 compared to control, **Pb0.05 compared to insulin.
796 A. Piwkowska et al. / Biochimica et Biophysica Acta 1832 (2013) 791–804molecules in the cytoplasm and at the plasma membrane. The inten-
sity of PKGIα and NOX4 immunostaining increased at the plasmamem-
brane following insulin treatment. We also showed the counterstained
nuclei and catenin along with the staining for the PKGIα. As shown in
Fig. 7B insulin caused substantial changes in the subcellular localization
of PKGIα. The intensity of PKGIα staining increased close to the cell
surface.Moreover, insulin disrupted the actin cytoskeleton (Fig. 7C). Next,
we analyses the F-actin network in podocytes. The quantitative analysis
conﬁrmed that insulin directly increases the F-actin immunostaining
in the vicinity of the plasma membrane while having little effect on
the intracellular labeling (Fig. 8).
These results suggest that insulin regulates the subcellular orga-
nization of PKGIα, NOX4, and actin in cultured rat podocytes.
Fig. 4. The effects of insulin on PKGIα dimerization (A, B and D) and on the sub-cellular distribution of PKGIα (C) in cultured rat podocytes. PKGIα interprotein disulﬁde bond
formation in the presence of insulin (300 nM, 5 min) or buffer (control) is reported as the ratios of the monomer and dimer band intensities to the actin band intensity (A). A rep-
resentative immunoblot is shown in (B). The values shown represent the mean±SEM of three independent experiments. *Pb0.05 compared to control. The effect of insulin
(300 nM, 5 min) on PKGIα distribution (C) was visualized by confocal laser scanning microscope (Olympus FluoView FV10i). The effect of NOX2 and NOX4 gene silencing on insulin
PKGIα dimerization (D). The values shown represent the mean±SEM of three independent experiments. *Pb0.05 compared to appropriate control.
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in Zucker rats
Because there is evidence supporting a role for hyperinsulinemia
in glomerular ﬁltration barrier injury and subsequent albuminuria,we used the Zucker obese rat animal model to study the effect of
hyperinsulinemia and insulin resistance on glomerular barrier perme-
ability in vivo. The Zucker rat is a leptin-resistant obesity model that
has hyperinsulinemia and demonstrates hyperphagia as a result of
nonfunctional leptin receptors. Furthermore, Zucker obese rats are
Fig. 5. Insulin induces PKGI-dependent phosphorylation of the myosin-binding subunit of myosin phosphatase I, MYPT1 (A) and dephosphorylation of the myosin light chain, MLC
(B), in cultured rat podocytes. Cells were stimulated with insulin (INS, 300 nM, 5 min) in the presence or absence of the PKGI inhibitor Rp-8-Br-cGMPS (100 μM, 30 min
pre-incubation). Proteins (20 μg) were separated by SDS-PAGE, immunoblotted using anti-MYPT1, anti-phospho-MYPT1 (Ser695), anti-phospho-MLC (Ser19), and anti-actin an-
tibodies, and visualized using an alkaline phosphatase-dependent reaction. Densitometric quantiﬁcation of the corresponding bands was performed, and values are reported as the
ratios of band intensities for p-MYPT1 (Ser695) to MYPT1 (A) and for p-MLC to actin (B) as shown in the representative immunoblots. The values shown represent the mean±SEM
of four independent experiments. *Pb0.05 compared to untreated cells.
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(Table 1).
As shown in Fig. 9, the albumin permeability of glomeruli isolated
from Zucker obese rats was about 242% higher than that of glomeruli
from Zucker lean rats (0.61±0.05 vs. 0.18±0.04, Pb0.001). PKGIα ex-
pression was increased about 84% (1.00±0.07 vs. 0.54±0.05, Pb0.05,
Fig. 10A) and NOX4 expression was increased about 53% (1.55±0.17
vs. 1.01±0.13, Pb0.05, Fig. 10B) in glomeruli isolated from Zucker
obese rats vs. lean rats. We conﬁrmed that the expression and phos-
phorylation of the insulin receptor were decreased about 38% and 42%,
respectively, in glomeruli isolated from Zucker obese rats (Fig. 10D, E).
The expression of nephrin, a protein characteristic of podocytes, did
not change in the Zucker obese rats compared to the control (Fig. 10C).
4. Discussion
This study revealed a novel mechanism for insulin-mediated reg-
ulation of ﬁltration barrier permeability and suggested that it plays a
role in the development of diabetic glomerular nephropathy (Fig. 11).
First, exogenous insulin induced an increase in albumin permeability
that was dependent on PKGIα activation. Second, the insulin signaling
pathway requires activation of the NOX4 subunit of NAD(P)H oxidase.
Third, augmentation of albumin permeability in glomeruli isolated
from Zucker rats with hyperinsulinemia and insulin resistance was ac-
companied by increases in the expression of PKGIα and NOX4 proteins.
These experiments suggest a mechanism in which insulin increases
glomerular permeability through activation of PKGIα (Fig. 10). This
may play a role in glomerular ﬁltration barrier leakage and supports
the hypothesis that increased insulin levels due to resistance to this hor-
monemay occur in development of diabetic podocytopathy [30]. Nota-
bly, insulin infusion in healthy humans causes moderate and transient
microalbuminuria [18].To directly assess the effect of insulin on glomerular permeability
to albumin, we used an ex vivo system of isolated glomeruli that al-
lows detection of rapid and subtle changes in albumin permeability
without the inﬂuence of hemodynamic (changes in GFR) or circulat-
ing factors (cytokines). Insulin increased the albumin permeability of
glomeruli isolated from Wistar rats. Furthermore, we observed an in-
crease in albumin permeability in glomeruli isolated from the Zucker
obese rats. Notably, this animal model is used to investigate the effect
of hyperinsulinemia/insulin resistance and oxidative stress. It has been
shown previously that Zucker obese rats have enhanced renal tissue ox-
idative stress due to activation of NAD(P)H oxidase and albuminuria
[31]. In the present study, we demonstrated that functional changes in
the glomerular ﬁltration barrier are accompanied by increased expres-
sion of the NOX4 subunits of NAD(P)H oxidase and PKGIα in glomeruli
isolated fromZucker rats, evenwhen therewere fewer insulin receptors
or fewer phosphorylated insulin receptors. These data suggest a pivotal
role for these proteins in the pathogenesis of glomerular ﬁltration bar-
rier injury and albuminuria; however, this mechanism merits further
investigation.
Podocytes, which comprise the outer layer of the glomerular ﬁltra-
tion barrier, are unique terminally-differentiated insulin-dependent ep-
ithelial cells. Notably, podocytes play a key role in regulating glomerular
ﬁlter permeability to proteins and in preventing protein excretion in
urine through complex regulation of the actin cytoskeleton in their
foot processes. Podocytes express receptors for hormones, including in-
sulin, suggesting that there may be more complex cross talk between
the kidney ﬁltration barrier and other organs in both healthy and dis-
ease states [32]. Recent studies have shown that insulin signaling in
podocytes is essential for normal kidney function [17]. Welsh and col-
leagues also found that insulin led to remodeling of the actin cytoskele-
ton of human podocytes via interaction with insulin receptors. This
group further showed that treatment of podocytes with insulin results
Fig. 6. Insulin increases permeability to albumin across a podocyte monolayer via ROS-dependent PKGI activation. Cultured rat podocytes were stimulated with insulin (300 nM,
5 min), the NAD(P)H oxidase inhibitor apocynin (100 μM, 2 h) and the PKG inhibitor Rp-8-Br-cGMPS (100 μM, 30 min). Results from four to six experiments are shown as
means±SEM. *Pb0.05 compared to untreated podocytes (A). The effect of downregulation of NOX2 and NOX4 on insulin-evoked podocyte permeability to albumin (B, C). The
values shown represent the mean±SEM of four independent experiments. *Pb0.05 compared to scrambled siRNA (B, C), #Pb0.05 compared to siRNA NOX2 control.
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Our previous work provided evidence that hydrogen peroxide induced
formation of an interprotein disulﬁde bridge between twomolecules of
PKGIα, which led to activation of this enzyme in a cGMP-independent
manner. We demonstrated a relationship between hydrogen peroxide
treatment, PKGIα activation, actin reorganization, and changes in the
permeability of the podocyte barrier [14]. In the present studywe dem-
onstrated that insulin also causes disulﬁde oxidation in PKGIα, which is
consistent with its ability to generate reactive oxygen species.
Activation of PKGI is thought to be responsible for most of the in-
tracellular actions of cGMP. PKGI mediates vasorelaxation via calcium-
dependent (e.g., K+ channel activation) and -independent pathways(e.g., changes in the activity of MLC phosphatase), but the two PKGI
isoforms, PKGIα and PKGIβ, may differ in their speciﬁc mechanisms of
relaxation [13]. Considering changes ofMLCphosphorylation to be indi-
cators of PKG activity, we found that insulin activated PKGI and that this
effect was abolished in the presence of the PKGI inhibitor Rp-8-Br-
cGMPS. In the previous study, we also showed that a non-metabolized
analog of cGMP, 8-Br-cGMP, induced dephosphorylation of MLC with-
out the formation of disulﬁde bridge between PKGIα molecules. Of
note, hydrogen peroxide activates PKGIα by markedly increasing its
afﬁnity for substrate, whereas cGMP activates PKGIα primarily by in-
creasing itsmaximumvelocity [33]. The results of the present study sug-
gest that insulin-dependent changes in PKGI activitymay be responsible,
Fig. 7. Insulin-induced changes in the subcellular distribution of PKGIαwith NOX4 (A) and with catenin and DAPI (B) were detected by double immunolabeling, and changes in the
actin ﬁber cytoskeleton were detected by single immunolabeling (C). Rat podocytes were grown on coverslips and then incubated with insulin (300 nM, 5 min) or without insulin.
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elevated levels of insulin. Earlier studies of oxidants in insulin signaling
also demonstrated that hydrogen peroxide was produced when cells
were treated with physiological levels of insulin [34–36]. Studies fromvarious laboratories have shown similar effects for other hormones and
growth factors on the generation of reactive oxygen species and demon-
strated their potential involvement in signaling pathways in several cell
types [14,37,38].
Fig. 8. Insulin remodels the actin cytoskeleton of podocytes. Rat podocytes were grown on coverslips and then incubated with insulin (300 nM, 5 min) or without insulin. F-actin
network was labeled using isothiocyanate phalloidine and visualized by ﬂuorescence microscopy. Fluorescence intensity proﬁle of F-actin network is shown in (A). Digitized ﬂuo-
rescence images of F-actin network were used to generate ﬂuorescence intensity proﬁles (from basal membrane to nucleus) using the CellSens image software. The values repre-
sent the mean±SEM (n=5–8). The representative images are shown in (B).
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oxide anion generation through activation of NAD(P)H oxidase in iso-
lated rat glomeruli and in cultured rat podocytes. Preincubation of
these with a NAD(P)H oxidase inhibitor abolished the insulin-mediated
increases inNAD(P)H-dependent superoxide anion generation and albu-
min permeability. We also demonstrated the importance of the NOX2
andNOX4 subunits of NAD(P)H oxidase as a source of superoxide anions
after stimulation by insulin. It has been shown previously that NOX4
is highly expressed and constitutively active in kidneys [39]. NOX4 re-
quires p22phox for enzyme activity, and we recently showed NOX4
and p22phox colocalization in the podocyte plasma membrane. More-
over, along with the signiﬁcant increase in ROS generation in podocytes
cultured in high-glucose medium, we also observed enhanced expres-
sion of NOX4 [29].
Although a superoxide anion can itself react with thiols, in cells it
is rapidly converted to hydrogen peroxide either spontaneously or by
superoxide dismutase [40]. Insulin-mediated modulation of NAD(P)H
oxidase appears to be functionally signiﬁcant, as we observed that
the insulin-stimulated increase in albumin permeability through the
podocytemonolayer was reduced after NOX4 knockdown. Importantly,
NOX2 knockdown did not affect the insulin-generated changes in albu-
min permeability and PKG dimerization. These results suggest thatTable 1
Metabolic balance studies in 2-month-old obese (fa/fa) Zucker rats and in lean (fa/+)
age-matched Zucker rats (control).
Parameter Obese Zucker
n=4–5
Lean Zucker
n=5
Body weight, g 294±7⁎ 210±6
Water intake, ml/24 h 19.2±3.2 12.8±1.5
Urine volume, ml/24 h 13.4±1.8 8.3±1.9
Food intake, g/24 h 16.7±1.7⁎ 7.8±1.7
Blood glucose concentration, mg/dl 149±3⁎ 81±4
Insulin, serum concentration, μg/l 5.21±0.19⁎ 2.97±0.16
Urinary albumin excretion, μg/24 h 144.9±36.8⁎ 11.2±1.5
Values are reported as means±SE.
⁎ Pb0.05 vs. lean Zucker rats.the residual activity of NAD(P)H oxidase in NOX2 knockdown cells,
resulting in part from NOX4, may be responsible for observed effects
and conﬁrming important role of NOX4 in podocytes. The generation
of superoxide anion by NOX is a characteristic feature of the response
to insulin in several cell types [20,41,42]. Furthermore, insulin treatment
increases production of hydrogen peroxide in mouse podocytes, and
this increase is blocked by pretreating the podocytes with membrane-
permeable mimetics of superoxide dismutase and catalase [20]. These
results suggests a novel regulatory mechanism for insulin signaling that
involves NAD(P)H oxidase stimulation and the subsequent generationFig. 9. Glomerular albumin permeability (Palb) in Zucker lean and obese rats. Glomeruli
were treated with equivalent volumes of buffer containing 5% bovine serum albumin.
The values shown represent the mean±SEM (n=17–22 glomeruli, ﬁve rats), *Pb0.001
compared to lean rats.
Fig. 10. Expression of PKGIα (A), NOX4 (B), nephrin (C), insulin receptor, IR (D), and phosphorylated insulin receptor, p-IR (E) in glomeruli isolated from Zucker obese (ZO) and
Zucker lean (ZL) rats. Measurements were performed by Western blotting analysis of homogenized glomeruli with the densitometry values normalized to actin values; represen-
tative immunoblots are shown in (F). The values shown represent the mean±SEM (n=5 rats). *Pb0.05 for ZO compared to ZL.
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species are postulated to have regulatory effects on the insulin action
cascade [40].
In the present study, we also demonstrated that insulin induces
changes in the subcellular localization of PKGIα in podocytes. Double-
labeling conﬁrmed that the subcellular localization of both PKGIα and
NOX4 were altered after insulin treatment, and that these proteins
co-localized close to the cell surface. These data are consistent with
the observed recruitment of NOX4 to the plasma membrane following
exposure to insulin in mouse podocytes [20]. Our resent study demon-
strated the effect of hydrogen peroxide on cellular components of the
glomerular ﬁltration barrier. Speciﬁcally, podocytes showed dramatic
reorganization of actin [14] and we showed that insulin induced the
disaggregatinon of actin close to podocyte plasma membrane in a dis-
tance of 6 μm. We suggest that activation of NOX4 by insulin leads to
generation of hydrogen peroxide close to the cell surface, which in
turn contributes to activation of PKGIα, actin remodeling, and increased
albumin permeability.
The small GTPases RhoA, Rac1, and Cdc42 are some of the most im-
portant proteins for regulating the organization of the actin cytoskele-
ton. It is well documented that these proteins are molecular switches
that transfer signals from the plasma membrane to the cytoskeleton.The activity of these proteins must be tightly regulated to maintain
the correct structure and organization of the slit diaphragm so that it
can control various cellular processes in podocytes [43]. Inhibition of
the Rho kinase leads to increases in ﬂux through the podocyte barrier
[5]. Moreover, PKGIα has an inhibitory effect on Rho kinase activity.
Notably, PKGIα phosphorylation of RhoA Ser-188 inhibits the subse-
quent translocation of membrane-bound RhoA to the cytosol [44]. We
hypothesize that PKGIα regulates the balance between contractility
and permeability of the podocyte barrier.
In summary, these experiments demonstrated that high insulin con-
centration increased glomerular and cultured rat podocyte albumin per-
meability. We conﬁrmed that this was due to insulin-induced NAD(P)H
activation, since the responses to insulin were abolished by apocynin,
Rp-8-cGMPS, and by NOX4 siRNA. Moreover, insulin induced PKGIα di-
sulﬁde bond formation in cultured rat podocytes.Acknowledgements
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Fig. 11. The proposed mechanism of insulin-induced activation of PKGIα and increased
albumin permeability across the ﬁltration barrier.
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